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In recent years, NASA space exploration has achieved new feats due to advancement in 
aerodynamics, propulsion, and other related technologies. Future missions, including but not 
limited to manned mission to Mars, deep space exploratory missions, and orbit transfer 
vehicles, require advanced thermal management system. Current state-of-the-art for 
spacecrafts is a mechanically pumped single phase cooling loop that are not enough to meet 
thermal-related challenges for future space missions. Loop heat pipes (LHP) are the solution 
for the required thermal management system that is compact, light-weight, reliable, precise, 
and energy efficient. These are two-phase systems that employ capillary forces instead of 
pumps to circulate the coolant. In these devices, the coolant evaporates and condenses in the 
evaporator and condenser, respectively. The condensed coolant liquid is driven toward the 
evaporator by capillary action in a wick structure located inside the evaporator. A mechanical 
pump is added to the liquid line of the loop to reach the distributed heat loads while 
controlling the temperature to produce an isothermal surface. In this work, flow patterns and 
heat transfer in the LHP evaporator wick is studied for various flow rates of the working fluid, 
wick thermal conductivity, porosity and permeability of wick, heat flux, and gravity 
condition. A CFD model has been developed to predict the performance of LHP due to the 
change in these parameters. The Volume of Fluid (VOF) model in ANSYS Fluent was 
modified using a User Defined Function (UDF) to calculate mass transfer between the liquid 
and vapor phases at the interface. The Lee phase change model was used to calculate the mass 
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Thermal control of life-support, power electronics, and other systems is a key enabler for 
a variety of NASA space, air-flight, and monitoring technologies. It is essential to develop 
new light-weight, energy efficient, reliable and compact heat transfer technologies for use on 
near-earth satellites. An example of a system that requires such advanced thermal 
management devices is the Surface Water Ocean Topography (SWOT) project, with a 
baseline mission launch in 2020. The primary SWOT payload will be the Ka-band Rader 
Interferometer (KaRIn). The allowable KaRIn temperature rate of change is 20 times smaller 
than typical spacecraft instruments and must be achieved without isolation. NASA thermal 
control systems typically employ liquid coolant loops that remove heat from heat-generating 
components and transport it to cooler modules, which either utilize the heat or reject it to 
space. NASA currently relies on single-phase coolant loops (in which the liquid does not 
evaporate as it absorbs heat). Loop heat pipes (LHPs), which are passive two-phase cooling 
systems, are a good alternative compared to single-phase system to reduce the size, weight, 
temperature variations, and pumping power requirements of thermal control systems, without 
loss of reliability.  
In LHPs, heat is removed from high temperature external components by the device’s 
evaporator section (that contains a porous wick to deliver cooling liquid to surfaces where it is 
vaporized). The vapor is transported to a condenser section where heat is absorbed by a cooler 
component or rejected to space.  This condenses the vapor and the resulting liquid returns to 
the evaporator.  Capillary pressure that develops in the evaporator’s wick drives the liquid and 
vapor flows. LHPs are capable to transfer the removed heat over long distances with minimal 
temperature gradient between the evaporator and the condenser, and they also provide 
efficient spatial and temporal temperature stability due to use of latent heat [58, 59, 49-57].  
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To increase the controllability and reliability of thermal management systems, NASA is 
considering system in which a pump is placed in the liquid line [58, 59]. The added 
mechanical pump facilitates distribution of working fluid to discrete heat loads [58], 
decreases temperature oscillations, increases the heat transport distance, and also minimizes 
the heat leak from the evaporator to the compensation chamber [52]. Pumped two-phased 
loops (P2φL) are currently used in some military, aerospace, and electronics cooling 
applications.  One of the objectives of the current work is to apply them to low-gravity space 
applications. 
In a P2φL system, thermal and hydrodynamic mechanisms between its various 
components are strongly coupled in a complex manner. Pressure dynamics and temperature 
instabilities, are sometimes found experimentally after changes in operational conditions. 
These instabilities can lead to various types of failure, like evaporator wick dry-out, 
temperature oscillations, inferior performance, which should be avoided. The performance of 
LHP is affected by working fluid, liquid flow rate, wick material thermal conductivity, 
porosity and permeability of the wick, and other parameters. In this work, a parametric study 
is conducted using ANSYS/Fluent computational fluid dynamics (CFD) code to predict the 





2 Literature review on Loop Heat Pipe 
This chapter presents an extensive review about Loop Heat Pipes (LHP). First LHP 
operating principles are described. Then different components of LHP and their contribution 
to the overall system operation are studied. An emphasis is put on the effect of a single 
operating parameter or design constraint on the overall LHP performance.  
2.1 LHP Operating Principles 
Figure 2.1. Flow Schematic of an LHP (Ku [6]). 
Flow schematic of an LHP is shown in Fig 2.1. It consists of an evaporator, a 
compensation chamber, and vapor and liquid transport lines. Wicks are present only in the 
evaporator and compensation chamber, while the rest of the loop is made of smooth wall 
tubing. The evaporator contains wick with fine pores so that it can develop a capillary 
pressure to circulate the working fluid around the loop. The compensation chamber has wick 
with larger pores for the purpose of managing fluid ingress and egress. Heat is applied to the 
evaporator, as a consequence liquid is vaporized and menisci are formed in the evaporator 
wick, which develops the capillary forces to push the vapor through the vapor line to the 
condenser. Due to finite thermal resistance of the wick, vapor temperature and pressure in the 




temperature and pressure in the compensation chamber. Thus, the wick serves as a “thermal 
lock”.  At the same time, hotter vapor cannot penetrate into the compensation chamber 
through the saturated wick because of the capillary forces which hold the liquid in it. In that 
way, the wick acts as a “hydraulic lock”.  In the condenser, vapor is condensed, and the 
capillary forces continue to push liquid back to the evaporator. Here no external power is 
required because the heat source that needs to be cooled provides the driving force to circulate 
the working fluid. The two-phase compensation chamber stores surplus liquid and controls 
the operating temperature of the loop.  The total pressure drop of the system must not exceed 
the maximum capillary pressure that the wick in the evaporator can develop. The meniscus in 
the liquid-vapor interface tunes its radius of curvature to match the capillary pressure 
generated by the wick to the total pressure drop of the system. Frictional pressure drops in the 
evaporator grooves, the vapor line, the condenser, the liquid line, the evaporator wick, and 
hydrostatic pressure imposed by gravity constitute the total pressure drop across the system. 
∆𝑃𝑡𝑜𝑡 =  ∆𝑃𝑔𝑟𝑜𝑜𝑣𝑒 + ∆𝑃𝑣𝑎𝑝 + ∆𝑃𝑐𝑜𝑛 + ∆𝑃𝑙𝑖𝑞 + ∆𝑃𝑤 + ∆𝑃𝑔                     (1) 
The capillary pressure rise that the wick can develop is given by 
∆𝑃𝑐𝑎𝑝 =  2𝜎 cos 𝜃/𝑅                                                           (2) 
where 𝜎 is the surface tension of the working fluid, R is the radius of curvature of the 
meniscus in the liquid-vapor interface, and 𝜃 is the contact angle between the liquid and the 
wick. The mass flow rate and total pressure drop in the system increase when the heat load is 
increased. Then the radius of curvature of the meniscus decreases so that capillary pressure 
generated in the wick match to the total pressure drop in the system. The radius of curvature 
of the liquid-vapor interface can decrease in response to increased heat load up to the pore 
radius of the wick 𝑅𝑝. The wick reaches its maximum capillary pumping capability at that 
point: 
∆𝑃𝑐𝑎𝑝,   𝑚𝑎𝑥 =  2𝜎 cos 𝜃/𝑅𝑝                                                  (3) 
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Vapor penetrates through the wick and the system fails when the heat load is further 
increased. 
2.1.1 Classification of capillary two-phase loops  
  
                                            (a)                                    (b) 
Figure 2.2. Schematic of (a) a traditional LHP and (b) a traditional CPL (Butler et al. 
[13].) 
Capillary Pumped Loops (CPL) and Loop Heat Pipes (LHPs) are two types of capillary 
two-phase loops that were developed about the same time. Figure 2.2 schematically shows 
that both loops consist of an evaporator, a condenser, a vapor line, a liquid line, and a hydro-
accumulator. Both loops share many similarities in operating principles and performance 
characteristics. A significant difference between the two loops is the thermo-hydraulic link 
between the evaporator and the hydro-accumulator. The compensation chamber of an LHP is 
made as an integral part of the evaporator. It is connected to the evaporator by a secondary 
wick, and is located directly in the path of the liquid line. The reservoir of a CPL is placed 
distantly from the evaporator and is outside the route of fluid circulation. The reservoir 
usually has no thermal connection with the evaporator, and it needs to be heated before start-
up to collapse any vapor bubbles in the evaporator core and to ensure that the wick is wetted. 
The LHP technology is rapidly gaining recognition in the aerospace community. LHPs use 
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metal wicks that have fine pores, and are acknowledged for their high pumping capability and 
robust operation. 
2.1.2 Classification of LHP 
LHPs differ based on their application and geometry. Although both LHPs and CPLs 
were developed as satellite thermal management units, they have many other applications 
nowadays such as electronics cooling, solar water heating, cryogenic telescope cooling. 
Maydanik [7] suggests the classification presented in Table 2.1 to categorize the LHP designs 
that can be found in the literature and the industry. 
Table 2.1: Classification of Loop Heat Pipe (Maydanik [7]) 








 All the rest 
 Cylindrical 
 Flat-disk shaped  
 Flat rectangular 
 One butt-end 
compensation 
chambers 




Condenser design Number of 
evaporators & 
condensers 
Temperature range Operating 
temperature control 
 Pipe-in-pipe 
 Flat coil 
 Collector 
 One 





 With active 
control 
 Without active 
control 
 
2.1.3 Loop Heat Pipes with flat evaporators 
LHP with a flat evaporator is more suitable for heat removal since most of the heat 
sources or devices that require cooling have a flat contact surface. Existence of a flat surface 
itself is one of the main benefits of flat evaporators, it does not require any additional 
“cylinder-plane” reducers for thermal contact with flat heat dissipating devices. This 
decreases the thermal resistance and the weight of evaporators. The flat surface is highly 
deformative to the vapor pressure in LHPs, and this is the main drawback of LHPS with flat 
evaporators. The vapor pressure should not exceed the ambient pressure. This situation 
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requires an increase in the wall thickness, or limits the choice of working fluids, or restricts 










Figure 2.3. Schematic of (a) active zone of an evaporator with opposite replenishment,  
(b) active zone of an evaporator with longitudinal replenishment, (c) an evaporator with 
opposite replenishment, and (d) an evaporator with longitudinal replenishment  
( Maydanik [8]) 
At present, there are mainly two types of flat evaporators: “evaporators with opposite 
replenishment” (EOR), and “evaporators with longitudinal replenishment” (ELR) [8]. Fig 2.3 
shows their schematic. In EOR, liquid flows towards the heated surface of the evaporator, and 
the compensation chamber is located on the opposite side of the heated surface. In ELR, the 
main liquid flows in the direction along the evaporator heated wall, and the compensation 
chamber is located aside from the active zone. The thickness of such evaporators may be 
reduced to 3-8 mm. At the same time, in consequence of the decrease of thickness and the 




2.1.4 Mechanically Pumped LHP  
 
Figure 2.4. Schematic of a pumped LHP (Jiang et al. (2014) [52]). 
Many researchers have experimentally studied mechanically pumped capillary phase 
changed loop [52-58, 64]. The use of a mechanical pump significantly increases the capillary 
limits of the passive capillary driven systems, although the total pressure head from the 
capillary (passive) and mechanical pumping (active) must be still greater than overall pressure 
drop in the system [54]. Jiang et al. proposed a novel pump assisted capillary phase change 
loop. As shown in Fig 2.4 their system loop consists of an evaporator, a mechanical pump, a 
reservoir, an ejector, and a condenser. In pump assisted phase change loops, working fluid is 
circulated by both capillary and mechanical pumping. Thus, added pump facilitates 
circulation of working fluid to reach it at discrete heat loads. The evaporator sometimes can 
handle the supply of sub-cooled liquid, and in this case, both sensitive heat and latent heat of 
the working fluid is utilized to transfer heat [52]. Mechanical pump forces liquid to circulate 
in the loop, thereby providing liquid for wick boiling, a liquid is also flowing through the 
compensation chamber, and thus heat leak from the evaporator to the compensation chamber 
is taken away [52, 54]. The mechanical pumping in the loop significantly increases heat flux 
dissipation, heat transfer distance, and also decreases the fluctuation of operating temperature 
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[52-58, 64]. When there is no separate lane for liquid and vapor phase liquid, and vapor mixes 
at the end of the evaporator (no bypass line is added to the compensation chamber), an 
enormous pressure drop is observed through the evaporator wick and the evaporator (vapor 
grooves) is always flooded with water [54, 56-57]. Jiang et al. [52] used two lines for liquid 
and vapor in their mechanically pumped phase change loop. This arrangement helped to 
prevent a large pressure drop across the wick, but still they observed that the evaporator is 
flooded with liquid when the pressure in the vapor side is lower than that of the liquid side. 
2.1.5 The thermodynamic cycle of an LHP 
 
                                           (a)                                                                      (b) 
Figure 2.5. Diagram of: (a) the LHP working cycle; (b) location of the characteristics 
points in the LHP (Maydanik [7]). 
The typical Pressure-Temperature diagram of the thermodynamic cycle of an LHP in 
steady-state operation is illustrated in Fig. 2.5a, and Fig 2.5b. These figures show the location 
of the characteristic points. In the evaporator, the liquid evaporates at the liquid-vapor 
interface (1) at temperature 𝑇1 (𝑇𝑔𝑟𝑜𝑜𝑣𝑒). It is often supposed that the evaporation happens at 
the wick-groove interface. However, several authors reported the transposition of the vapor 
front inside the porous wick. The section 1–2 represents flow of vapor through the vapor-
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removal channels into the vapor line. Here the vapor experiences a pressure drop along with a 
slight superheat because it proceeds along the heated surface of the evaporator. The vapor 
motion in the vapor line (section 2–3) can be considered as isothermal. In the LHP condenser 
Pressure losses are usually negligible. Section 3-4 represents condensation of the working 
fluid in the condenser, and section 4-5 represents super-cooling of the condensed liquid inside 
the condenser. Further its motion through the liquid line in the diagram is shown as 
isothermal, though in many actual cases it may be accompanied by considerable heating or 
cooling in consequence of the heat transfer with the ambient. The liquid arrives the 
compensation chamber with parameters 𝑇6, 𝑃6. Due to heat leak from the evaporator to the 
compensation chamber liquid temperature at the compensation chamber rises to 𝑇7 (line 6-7). 
Section 7-8 denotes the liquid filtration through the wick into the evaporation zone. On this 
way the liquid may prove to be superheated, but it does not boil because it exists in that state 
for a short period of time. The point 8 defines the state of the working fluid adjacent to the 
evaporating menisci, and the pressure drop ∆𝑃1−8 resembles the total pressure losses in all the 
sections of the loop. 
2.1.6 LHP serviceability 
The first condition of LHP serviceability is determined in the same way as for 
conventional heat pipes [7] : 
∆𝑃𝑐 ≥ ∆𝑃𝑣 + ∆𝑃𝑙 + ∆𝑃𝑔                                                     (4) 
∆𝑃𝑐 is the capillary pressure created in the wick; ∆𝑃𝑣, ∆𝑃𝑙 are pressure drops due to the motion 
of the working fluid in the vapor and the liquid phase; ∆𝑃𝑔 are hydrostatic pressure of a liquid 
column. The values of ∆𝑃𝑣 and ∆𝑃𝑙, can be evaluated by use of the established equations [1-4] 
for the motion of vapor and liquid in different LHP sections, including the capillary structure. 
The value of ∆𝑃𝑔may be determined by the formula: 
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∆𝑃𝑔 = (𝜌𝑙 − 𝜌𝑣)𝑔𝑙 sin 𝜑                                                             (5) 
where 𝜌𝑙 and 𝜌𝑣 are the liquid and the vapor densities respectively; g is the gravitational 
acceleration; 𝑙 is the LHP effective length; 𝜑 is the LHP slope with the horizontal. During 
operation against gravity, if the value of 𝑙 is sufficiently large, and the value of 𝜑 is close or 
equal to 90o, the hydrostatic resistance ∆𝑃𝑔become prevalent. In such situations one may 
consider to use a fine-pored wick, or add a mechanical pump in the liquid line.  
The second requirement for serviceability is the obligation of creating an adequate 
amount of temperature and pressure drop between the evaporating surface of the wick and the 
compensation chamber. This pressure drop is equivalent to ∆𝑃𝐸𝑋, which is the sum of 
pressure losses due to working fluid circulation in all the sections except the wick. This 
condition, with the use of the terms in Fig. 2.5, may be written as follows: 
𝜕𝑃
𝜕𝑇𝑇𝑣̅̅ ̅




 is the derivative determined by the slope of the saturation line at the point with 
temperature 𝑇?̅?, average between 𝑇1 and 𝑇7.  
∆𝑇1−7 is the motive temperature head required for pushing the liquid into the 
compensation chamber during an LHP startup. The diagram (Fig. 2.5) also illustrates that the 
working fluid should be sufficiently super-cooled for avoiding its boiling-up in the liquid line 
as an outcome of pressure losses and heating due to some external heat inflows. The value of 





∆𝑇4−6 = ∆𝑃5−6                                                          (7)      
This is the third condition of LHP serviceability. If the liquid line contains some vapor 
bubbles, they can freely breach into the compensation chamber. They do not interfere with the 
normal operation of the device, but they cause an increase in the operating temperature. 
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2.1.7 Steady-state operating performance 
Steady-state operating performance of an LHP is generally measured by expressing its 
temperature or thermal resistance as a function of the heat load. The characteristic 
temperature of an LHP is frequently defined as the vapor groove temperature 𝑇𝑣 [27], but it 
can also be defined by evaporator temperature, 𝑇𝑒 [27], or even by the reservoir temperature 
𝑇𝑟 [24]. In electronic cooling the LHP performance is mainly measured by 𝑇𝑒, because the 
system requirement often concerns the utmost allowable temperature of the electronic device. 
 
Figure 2.6. Typical LHP operating curves (Launay et al [24]). 
Two different LHP operating modes are reported in the literature, the variable 
conductance mode (VCM) and the fixed conductance mode (FCM) (Fig. 2.6). In LHP VCM 
operation, the part of the condenser where liquid is sub-cooled is large enough, the liquid 
leaves the condenser at a temperature near to the heat sink temperature, and the operating 
curve has a U-shape [24]. In FCM the condenser is almost filled with two-phase fluid and the 
liquid enters the liquid line at a temperature near to the saturation. An LHP operates in FCM 
for higher heat loads, and operating temperature increases quasi-linearly with the heat flux. 
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Launay and Vall´ee [28] state that according to experimental results, the prediction of the 
operating curve shape is difficult due to the fact that they are greatly influenced by heat 
transfer in the evaporator, and therefore delicate to the evaporator design and thermal 
characteristics. 
2.2 LHP Parametric Study 
The LHP is a complex system, and a parametric study on the LHP operation is difficult 
due to the strongly coupled physical mechanisms involved in LHPs. 
2.2.1 Effect of fluid charge 
The compensation chamber volume, 𝑉𝑐𝑐, must be able to accommodate at least the liquid 
volume fluctuation (and density changes) between the hot case and the cold case of the loop 
operation [5,6]. Lee et al. [39] found the best heat transfer performance at 51.3% volume 
filling ratio based on experimental study at a horizontal position. The amount of fluid charge, 
and the fluid distribution greatly affect startup behavior of an LHP. 
2.2.2 Effect of the porous wick characteristics  
The porous wick characteristics, such as the effective thermal conductivity, the pore 
diameter, the porosity, and the permeability, all may have a momentous effect on the LHP 
performance [5]. 
2.2.2.1 Wick material 
Plastic, metal, ceramic, as well as metal foams are suitable materials for the LHP porous 
structure. Plastic wicks, such as polypropylene, PTFE, polyethylene have a very low thermal 
conductivity. These wicks reduce the heat leak form the evaporator to the compensation 
chamber, thus improving the LHP performances. However, they have low value of porosity 
(about 50 %). They are suitable for low to moderate heat loads due to constraint in operating 
temperatures. Ceramic wicks are very stable in thermal and chemical environments, 
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compatible with metals and their microstructure has a wide variety of size and shapes. Most 
of the experimental studies are on the performance of metallic wicks. Nickel is the broadly 
used material for metal wicks, but stainless steel, titanium, brass and iron oxide are also used 
as wick materials. Sintered powder is the wide spread manufacturing process, providing high 
porosity and low pore size characteristics.  
2.2.2.2 Wick thermal conductivity 
The thermal conductivity, 𝑘𝑒𝑓𝑓, regulates the radial heat leak and therefore, the LHP 
operating temperature. Mishkinis et al. [42] found that the radial heat leak through the wick is 
proportional to the effective thermal conductivity for low Peclet numbers, which is the ratio 
of the convective to the conductive heat transfers. The effective thermal conductivity of the 
wick is not a prevailing factor for high Peclet numbers. According to Figus et al. [43], the 
wick thermal conductivity does not significantly alter the position of the liquid-vapor 
interface, but greatly affects the fin superheat, the temperature distribution in the wick, and 
the axial heat leak. 
2.2.2.3 Wick permeability 
The capillary and boiling limits depend on wick permeability. The heat transfer 
coefficient is strongly linked to the location of the liquid-vapor interface in the wick. Figus et 
al. [43] numerically studied phase change and flow patterns in a porous wick for various 
parameters including wick permeability. The Authors found that the use of a relatively high 
permeable wick ease the vapor flow. Generally wick capillary pressure decreases with 
increase of permeability which is not desirable owing to the fact that capillary pressure head 
is the driving force. In this case the development of a layered wick can be a potential solution. 
In [44] a system having a two layered wick was studied where the 1st layer placed near the fin 
possesses relatively high permeability and thermal conductivity, while another layer has 
comparatively smaller pores and a low thermal conductivity. 
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2.2.2.4 Wick porosity and pore size  
Boo and Chung [47] have experimentally studied a number of polypropylene wicks, 
whose pore diameters varied from 0.5 to 25 µm. The authors found that when the pore size 
was changed to 0.5 µm from 25 µm, there was a 45% increase in maximum thermal load 
(𝑄𝑚𝑎𝑥) and a 33% decrease in the evaporator wick thermal resistance (𝑅𝑡ℎ). When the LHP 
operates at nearly the capillary limit one should use wicks having small pores. In other cases, 
one should use an optimum pore size so that the wick permeability does not impair the 
evaporator heat transfer coefficient. Hamdan et al. [37] studied the effect of the wick 
characteristics on the LHP operating limits by means of numerical simulation for a coherent 
porous silicon wick. They concluded that reducing the pore size 𝑅𝑝 increases the capillary 
pressure as 1/𝑅𝑝 but simultaneously the pressure losses due to friction increases as Q/𝑅𝑝
2. So, 
there exists an optimum value of the pressure build-up through the wick that depends on the 
heat load. The nucleate boiling limit is associated with the liquid superheat. A reduction of the 
pore radius increases the boiling limit because the superheat required for nucleation is 
inversely proportional to the pore radius. 
2.2.3 Effect of gravity  
Gravity has significant effects in case of LHP elevation and tilt. Elevation indicates the 
location of the evaporator with respect to the condenser, and tilt denotes location of the 
evaporator compared that of the compensation chamber. At an adverse elevation the 
evaporator is situated above the condenser, and at an adverse tilt the evaporator is situated 
above the compensation chamber. In 1 gravity conditions, fluid distribution inside the loop, 
especially between the evaporator core and compensation chamber alters with LHP tilt, and 
the LHP operating temperature is increased. At low power applications the LHP operating 
temperatures at adverse tilts are greater than those at positive tilts [50]. At low power 
applications, adverse elevation increases LHP operating temperature, while positive elevation 
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decreases LHP operating temperature. At larger heat flux the elevation generally has no effect 
on the LHP operating characteristics.  
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3 CFD Model  
ANSYS/Fluent computational fluid dynamics (CFD) code is used to model a section of 
the evaporator wick for a range of parameters. The porous media model and the volume of 
fluid (VOF) multiphase model are used in our calculation. A user defined function based on 
Lee phase change model is incorporated in VOF model to calculate evaporation-condensation 
mass transfer at the liquid-vapor interface, and also to track the interface. The main 
assumptions of this CFD model are: (1) the porous wick is isotropic; (2) liquid and vapor both 
are in thermal equilibrium in wick, grooves, and transport lines; (3) fluid flow through porous 
wick is laminar; (4) both vapor & liquid phases are incompressible. This chapter describes all 
governing equations, discretization and iteration schemes. Figure 3.1 shows overview of the 
numerical methodology.  
 
Figure 3.1. Flow chart summarizing the numerical methodology. 
3.1 Governing Equations 
Continuity, momentum and energy equations solves velocity components, pressure and 
temperature. The continuity equation is defined as [59]: 
𝜕𝜌
𝜕𝑡
+ ∇. (𝜌?⃑?) =  𝑆𝑚                                                                   (3.1) 
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where 𝑆𝑚 is the mass source. It represents any type of mass addition in the system for the 
fluid or phase for which the continuity equation is solved, and it also included any user-
defined mass source. 
The momentum equation, also known as Navier-Stokes Equation, is defined as [59]: 
𝜕
𝜕𝑡
(𝜌?⃑?) + ∇. (𝜌?⃑??⃑?) = −∇𝑝 + ∇. (?̿?) + 𝜌?⃑? + ?⃑?                                (3.2) 
 where 𝑝 is the static pressure, ?̿? is the stress tensor, 𝜌?⃑? is gravitational body force, and 
?⃑? is the external body force. ?⃑? accommodates any source term including user defined source 
terms and model specific source terms. 
The energy equation is defined as [59]: 
𝜕
𝜕𝑡
(𝜌𝐸) + ∇. (?⃑?(𝜌𝐸 + 𝑝)) = ∇. (𝐾𝑒𝑓𝑓∇𝑇 − ∑ ℎ𝑗𝑗 𝐽𝑗⃑⃑⃑ + (?̿?𝑒𝑓𝑓. ?⃑?)) + 𝑆ℎ       (3.3) 
where 𝐾𝑒𝑓𝑓 is the effective conductivity, 𝐽𝑗⃑⃑⃑ is the diffusion flux for species 𝐽, and 𝑆ℎ is 
any volumetric source term including user-defined energy source.  
Equations (3.1), (3.2) and (3.3) are basic governing equations for any CFD model. They 
are modified for incorporation of other models. In this study these equations were modified 
for incorporation of porous media, multiphase flow, and evaporation-condensation phase 
change. 
3.1.1 Porous media model  
Different types of single phase and multiphase problems involving porous media can be 
simulated using the ANSYS Fluent porous media model. Porous media conditions calculate 
the pressure loss in the cell zone by solving the momentum and energy equations for porous 
media [60].  
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3.1.1.1 Momentum equation for porous media 
ANSYS Fluent porous media model use the Superficial Velocity Porous Formulation. 
The superficial phase or mixture velocities are calculated based on the volumetric flow rate in 
a porous region. Standard fluid flow equations are modified by addition of a momentum 
source term [60]. 
𝑆𝑖 = − (∑ 𝐷𝑖𝑗
3




𝑗=3 𝜌|𝑣|𝑣𝑗)                                     (3.4) 
Here 𝑆𝑖 is the source term for the 𝑖th (x, y, or z) momentum equation, |𝑣| is the velocity 
magnitude, and D and C are prescribed matrices. In equation (3.4), the first term represents 
viscous loss and the second term represents inertial loss. Momentum sink 𝑆𝑖 generates a 
pressure drop in the porous cell that is proportional to the fluid velocity in the cell [60]. 
3.1.1.1.1 Darcy’s law in porous media 
In laminar flow, convective acceleration and diffusion can be ignored, and the matrix 𝐶𝑖𝑗 




?⃑?                                                                         (3.5) 
where 𝛼 is the volume fraction, and 𝜇 is the viscosity of the fluid. 
3.1.1.1.2 Inertial losses in porous media 
In high flow velocities, the viscous loss term in Equation (3.4) can be ignored, and the 
matrix C gives a correction for inertial losses in the porous medium. Here the constant C 
represents the pressure drop as a function of dynamic head of the flow [60]. As an instant, in 
case of perforated plate or tube bank model, the viscous loss term is negligible and the 
equation for porous media model reduces to [60]: 





𝑗=1                                                  (3.6) 
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3.1.1.2 Energy equation for porous media 




(𝛾𝜌𝑓𝐸𝑓+(1 − 𝛾)𝜌𝑠𝐸𝑠) + ∇. (?⃑?(𝜌𝑓𝐸𝑓 + 𝑝)) = 𝑆𝑓
ℎ + ∇. [𝐾𝑒𝑓𝑓∇𝑇 − (∑ ℎ𝑖𝑖 𝐽𝑖) + (𝜏.̿ ?⃑?)] (3.7) 
Where, 
𝐸𝑓 = total energy of fluid 
𝐸𝑠 = total energy of solid medium 
𝜌𝑓 = density of fluid 
𝜌𝑠 = density of solid medium 
𝛾 = porosity of the medium 
𝐾𝑒𝑓𝑓= effective thermal conductivity of the medium 
S𝑓
ℎ = fluid enthalpy source term 
ANSYS Fluent calculates the effective thermal conductivity of the porous medium as the 
volume average of the fluid conductivity and solid conductivity [60]: 
𝐾𝑒𝑓𝑓 = 𝛾𝐾𝑓 + (1 − 𝛾)𝐾𝑠                                                  (3.8) 
where, 
 𝐾𝑓= thermal conductivity of fluid 
 𝐾𝑠= thermal conductivity of solid 
Equation (3.8) is update of equation (3.3) due to porous media consideration. 
3.1.2 Volume of fluid model 
Two or more immiscible fluids are be modeled by employing the Volume of fluid (VOF) 
model. This model based on the fact that fluids are not interpenetrating. For each phase the 
model introduces its volume fraction in the computational cell, and the summation of volume 
fraction of all phases is unity [59]. The calculation involves a single momentum for the 
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mixture phase, and the resulting velocity field is shared among the phases. The energy 
equation is also solved for the mixture phase and is shared among the phases [59]. VOF 
model is not applicable if interface length is small compared to a computational grid. 
Accuracy of VOF model decreases when the interface dimension is close to the computational 
grid scale [59, 61].  
3.1.2.1 Volume fraction equation 
The VOF tracks the interface(s) by solving a continuity equation for the volume fraction 






(𝛼𝑞𝜌𝑞) + ∇. (𝛼𝑞𝜌𝑞𝑣𝑞⃑⃑⃑⃑⃑) = 𝑆𝛼𝑞 + ∑ (?̇?𝑝𝑞 − ?̇?𝑞𝑝)
𝑛
𝑝=1 ]           (3.9) 
where  ?̇?𝑝𝑞 is the mass transfer from phase q to phase p, and ?̇?𝑞𝑝 is the mass transfer from 
phase p to phase q. 𝑆𝛼𝑞 is the mass source for 𝑞
𝑡ℎ phase. The volume fraction equation is 
solved for the secondary phases and the primary phase volume fraction is calculated based on 
the following fact [59]: 
∑ 𝛼𝑞 =
𝑛
𝑞=1 1                                                           (3.10) 
Due to implication of VOF multiphase model equation (3.10) and (3.11) would be used in 
calculation instead of continuity equation (3.1). The volume fraction equation can be solved 
either through implicit or explicit formulation.  
3.1.2.1.1 The implicit formulation of volume fraction equation 







𝑉 + ∑ (𝜌𝑞
𝑛+1𝑈𝑓
𝑛+1𝛼𝑞,𝑓
𝑛+1) = [𝑆𝛼𝑞 + ∑ (?̇?𝑝𝑞 − ?̇?𝑞𝑝)
𝑛
𝑝=1 ]𝑓 𝑉        (3.11) 
Where, 
 n+1= index for current time step  
              n= index for previous time step  
           𝛼𝑞




𝑛 = cell value of volume fraction at previous time step 
 𝛼𝑞,𝑓
𝑛  = face value of the qth volume fraction at current time step 
 𝑈𝑓
𝑛+1 = volume flux through the face at previous time step 
 𝑉  = cell volume  
3.1.3 Evaporation-Condensation model 
In our simulation, we considered evaporation and condensation simultaneously. Fluent 
can simulate evaporation process alone. But, It doesn’t have ability to simulate condensation 
process. To solve this problem, a user-defined function (UDF) has been compiled to complete 
the existing FLUENT code. This UDF calculate the mass and heat transfer in the liquid-vapor 
interface during the evaporation and condensation processes, calculated by the source terms in 
the governing equations. 
3.1.3.1 User defined function 
Table 3.1 shows the source terms used to calculate the mass and energy transfer. Mass 
sources, 𝑆𝑀 is plugged in the volume fraction equation and energy sources, 𝑆𝐸 is plugged in 
the energy equation, where 𝑇𝑚𝑖𝑥 and 𝑇𝑠𝑎𝑡 are the mixture temperature and saturation 
temperature, respectively, and LH is the latent heat of vaporization. 
Mass and energy sources in Table 3.1 have been employed in the UDF and connected to 
the governing equations in FLUENT. The volume fraction for each phase in the cell has been 
defined by the VOF model. Consequently, two mass sources are essential to calculate mass 
transfer in evaporation, eqn. (3.12) denotes subtraction of mass from the liquid phase and eqn. 
(3.13) denotes addition of mass to the vapor phase. Mass transfer in condensation is evaluated 
in similar way, eqn. (3.14) and eqn. (3.15) represents the quantity of mass taken from vapor to 
liquid phase. A single energy source is needed for both phases to calculate heat transfer 
involved in the evaporation or condensation process. Latent heat for evaporation or 
condensation is multiplied with the mass source to calculate the energy source or heat transfer 
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for evaporation or condensation, eqn. (3.16) and eqn. (3.17), respectively. Mass sources 











Phase Source term  
Mass 
transfer 
Evaporation 𝑇𝑚𝑖𝑥 > 𝑇𝑠𝑎𝑡 Liquid 𝑆𝑀 = −0.1𝜌𝐿𝛼𝐿
𝑇𝑚𝑖𝑥−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
            (3.12) 
Vapor 𝑆𝑀 = +0.1𝜌𝐿𝛼𝐿
𝑇𝑚𝑖𝑥−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
            (3.13) 
Condensation 𝑇𝑚𝑖𝑥 < 𝑇𝑠𝑎𝑡 Liquid 𝑆𝑀 = +50𝜌𝐿𝛼𝐿
𝑇𝑚𝑖𝑥−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
             (3.14) 
Vapor 𝑆𝑀 = −50𝜌𝐿𝛼𝐿
𝑇𝑚𝑖𝑥−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
             (3.15) 
Heat 
transfer 
Evaporation 𝑇𝑚𝑖𝑥 > 𝑇𝑠𝑎𝑡 Liquid 𝑆𝐸 = −0.1𝜌𝐿𝛼𝐿
𝑇𝑚𝑖𝑥−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
𝐿𝐻       (3.16) 
Condensation 𝑇𝑚𝑖𝑥 < 𝑇𝑠𝑎𝑡 Vapor 𝑆𝐸 = +50𝜌𝐿𝛼𝐿
𝑇𝑚𝑖𝑥−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
𝐿𝐻       (3.17) 
3.1.3.2 Lee phase change model  
The Lee model is a mechanistic model that has a physical basis [59]. In this model, the 
liquid-vapor mass transfer (evaporation and condensation) is based on the following vapor 
transport equation [59]: 
𝜕
𝜕𝑡
(𝛼𝑣𝜌𝑣) + ∇. (𝛼𝑣𝜌𝑣 ?⃑⃑?𝑣) = ?̇?𝑙𝑣 − ?̇?𝑣𝑙                                   (3.18) 
Where,  
 𝛼𝑣 = vapor volume fraction 
 𝜌𝑣 = vapor density 
 ?⃑⃑?𝑣 = Vapor phase velocity  
The mass transfer can be expressed as follows [59]: 
If 𝑇𝑙 > 𝑇𝑠𝑎𝑡 (evaporation): 
?̇?𝑙𝑣 = 𝑐𝑜𝑒𝑓 𝑓 ∗ 𝛼𝑙𝜌𝑙
𝑇𝑙−𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡
                                           (3.19) 
If 𝑇𝑣 < 𝑇𝑠𝑎𝑡 (condensation): 
?̇?𝑣𝑙 = 𝑐𝑜𝑒𝑓 𝑓 ∗ 𝛼𝑣𝜌𝑣
𝑇𝑠𝑎𝑡−𝑇𝑣
𝑇𝑠𝑎𝑡
                                          (3.20) 
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the coefficient 𝑐𝑜𝑒𝑓 𝑓 is like a relaxation time and usually is finely tuned to match 
experimental data [59]. 
 
3.2 Geometry and boundary conditions 
 
Figure 3.2. Mechanically Pumped Loop Heat Pipe (LHP). 
 
                                                  (a)                                                                          (b) 
Figure 3.3. Schematic of the numerical model used in ANSYS/FLUENT to simulate heat 
transfer in a section of the evaporator wick with the boundary conditions. 
Pumped two phase loop (P2φL) is shown in Fig. 3.2, with the evaporator being the most 
significant and sophisticated component. Figure 3.3a shows a cross sectional view of the 
evaporator. Figure 3.3b shows the two dimensional model of a section of the wick that is 
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considered for simulations in this work. Symmetry boundary conditions are employed on the 
left and right sides of the small section to simplify the problem. The evaporator wick is 
modeled as a 1×1 cm2 domain. Initially, at t=0 the section of the wick is filled with liquid 
phase (water). At the top boundary, the mass flow rate ?̇?𝑖𝑛, temperature 𝑇𝑖𝑛 and pressure 𝑃𝑖𝑛 
of the working fluid (water) at saturation (𝑠=1) is specified. A heat flux (𝑄ℎ) is supplied to the 
porous wick from half of the bottom boundary that represents half of a pillar. The liquid flow 
evaporates at the heated boundary and the mixture of liquid and vapor (𝑠 ≤ 1) leaves the 
domain from the outlet boundary. It is desirable that the evaporator would be able to handle 
some amount of sub-cooled liquid at the wick inlet. For this reason, temperature at the wick 
inlet 𝑇𝑖𝑛 = 95
 𝑜𝐶, is specified for all the simulation. So, heat transfer in the wick utilizes both 
sensitive heat and latent heat. 
3.3 Mesh 
 
Figure 3.4. Schematic of the mesh of the computational domain. 
The mesh of the domain is shown in figure 3.4. Face meshing, edge sizing, and 
refinement was used to create a fine mesh. VOF model is sensitive to mesh size. It is not 
suitable when the interface length is smaller than the mesh size. Mesh sensitivity test was 
conducted. The result of mesh sensitivity test is given in table 3.2. The mesh with 40000 
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elements gives acceptable results. So, this mesh is used in all the simulations to reduce the 
computational costs. This mesh have 40401 nodes. The average orthogonal quality is 1 due to 
use of face mapped meshing, and the average skewness of the mesh elements is 1.3058. 




















5200 101.888 13185.9 0.3685 0.0007 3.349 1e-6 
10000 101.886 23166.867 0.3685 0.0007 3.344 1e-6 
22000 101.630 21550.127 0.3632 0.00074 2.994 1e-6 
40000 101.487 20888.707 0.3575 0.00073 2.744 1e-6 
90000 101.324 20012.918 0.3478 0.00072 2.409 1e-5 
 
3.4 Solver Settings 
A transient simulation with a time step of 0.01 second is carried out to model the dynamic 
behavior of the two-phase flow. The simulations reach a steady state after around 60-90 
seconds. A combination of the SIMPLE algorithm for pressure-velocity coupling and Quick 
schemes for the determination of momentum and energy is employed in the model. Volume 
fraction interpolation is done by use of Modified HRIC discretization, and pressure 
interpolation is done by use of Body Force Weighted discretization scheme. Water vapor is 
defined as the primary (vapor) phase and water liquid is defined as the secondary (liquid) 
phase. For the calculation of the mass and heat transfer during the evaporation and 
condensation processes, a temperature of 100 𝑜𝐶 is used as the saturation temperature and the 
latent heat in the UDF code is 2455.134 KJ/Kg. When the simulation is started, the liquid 
28 
 
pool in the wick is heated first. Once the saturation temperature (100 𝑜𝐶) is reached, 
evaporation starts and phase change occurs.  When the scaled residual of the mass is smaller 
than 10-4, scaled residual of the temperature is smaller than 10-12, and scaled residual of the 
velocity components is smaller than 10-6, the numerical computation is considered to have 
converged. Convergence behavior of the fin temperature, vapor volume in the wick, shape of 




4 Results and Discussion 
THE CFD model developed in this work, was first used to simulate some benchmark 
problems to verify accuracy of our model. Next it was applied to other simulations in this 
study. 
Table 4.1 shows the parameters of the wick and flow employed for the base case 
considered in this study. Based on this case, each of the following parameters; liquid flow 
rate, wick material thermal conductivity, porosity and permeability of the wick, heat flux, and 
orientation of the evaporator, will be changed once at a time to quantify its effect on the wick 
performance. Table 4.2 shows properties of working fluid at different phases. 
Table 4.1. Base case parameters 
 
Table 4.2. Properties of working fluid 
 
 
4.1 Benchmark problems 
Our model was used to simulate Stefan problem to validate its accuracy. 
  
Material Steel Liquid mass flow rate 10-6 Kg/s 
Thermal conductivity 16 Wm-1K-1 Inclination (gravity) -9.81 m/s-2 
Density of wick material 8030 Kg/m3 Heat flux 10 W/cm2 
Porosity 0.4 Liquid permeability 1x10-13 m2 
Thermal cond. (water) 0.6  W/m-k Thermal cond. (vapor) 0.0261 W/m-k 
Density (water) 998.2  Kg/m3 Density (vapor) 0.5542 Kg/m3 
Specific heat (water) 4182 J/Kg-k Specific heat (vapor) 2014  J/Kg-k 
Viscosity (water) 1.003x10-3  Kg/m-s Viscosity (vapor) 1.34x10-5 Kg/m-s 
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4.1.1 One-Dimensional Stefan problem 





Figure 4.1. One-dimensional Stefan problem: (a) Schematic of the problem; (b) 
Temperature and steam volume fraction contours from our model. 




Figure 4.2. Result for 1D Stefan problem from Dongliang Sun et al. (2014) [62]. 
Stefan problem is a well-known benchmark problem for testing new models [62, 66]. 
Figure 4.1a shows schematic of one-dimensional Stefan problem, Fig. 4.1b shows 
temperature and steam volume fraction contours of this problem obtained from our model. In 
our model, we use water as the working fluid. Liquid phase has density 𝜌𝑙= 998.2 Kg/m
3 and 
vapor phase (steam) has a density 𝜌𝑣= 0.01 Kg/m
3. Here, the saturation temperature is 
100 𝑜𝐶, latent heat ℎ𝑓𝑔= 2455.134 KJ/Kg, and the wall temperature is kept at 10
 𝑜𝐶 
superheat. Dongliang Sun et al. [62] simulate similar problem with different values for the 
parameters. In their model, liquid density 𝜌𝑙= 1 Kg/m
3, vapor density 𝜌𝑣= 0.1 Kg/m
3, latent 
heat of vaporization ℎ𝑓𝑔= 10
4 J/Kg, and the wall was at 10 𝑜𝐶 superheat. As illustrated in Fig. 
4.1 and Fig. 4.2, numerical values of temperature and steam volume fraction at a particular 
cell is different for two models. But for both models the system behaves in a similar way. The 
temperature of vapor near the wall increases and becomes superheated. Mass transfer initiates 





4.2 Liquid mass flow rate at inlet 
Effect of the inlet liquid flow rate on the evaporator performance is shown in Fig. 4.5. For 
the cases shown in this figure, the water flow rate was increased from 10-6 to 10-4 kg/s while 
the other parameters are kept constant. Water is forced through the top boundary of the wick. 
No capillary pressure is considered in the simulations.  For each of the flow rate considered, it 
can be seen that the liquid water near the heated surface evaporates, and a mixture of vapor 
and liquid leave through the outlet. Figure 4.5 also shows that when the liquid flow rate is 
increased by 10 times, the amount of vapor created is significantly reduced.  Thus increase of 
liquid flow rate extends the boiling limit (delays dry-out process) of the porous wick. 
 
                (a)  ?̇?𝑖𝑛 = 10
-6 Kg/s                 (b)  ?̇?𝑖𝑛 = 10
-5 Kg/s                   (c) ?̇?𝑖𝑛 = 10
-4 Kg/s         
Figure 4.3. Liquid-vapor fronts as a function of liquid mass flow rate ?̇?𝒊𝒏. 
The variation of the heated surface temperature and pressure drop across the wick as 
function of the mass flow rate is plotted in Fig. 4.6. As the mass flow rate increases, the 
pressure drop across the wick increases and the temperature of the heated surface decreases. 
There is only 1 degree of temperature change due to an increase of the mass flow rate by 
hundred times. This decrease in temperature is due to the reduction in the amount of vapor in 
the porous wick. The vapor has a lower thermal conductivity comparing to the liquid water. 
As the flow rate is increased, there less thermal resistance caused by the vapor, which causes 




Figure 4.4. Temperature and Pressure difference in wick as functions of liquid mass 
flow rate ?̇?𝒊𝒏. 
4.3 Permeability 
The effect of wick permeability on the P2φL performance is shown in Fig. 4.7 and  
Fig. 4.8. In this case, the wick permeability, 𝐾, was changed from 10-12 to 10-14 m2. The 
change in size and shape of the vapor bubble is not significant, as shown in Fig 4.7. This 
caused the evaporator heated wall temperature to be constant for all values of permeability 
considered in this study (see Fig. 4.8). However, the decrease in the wick permeability has 
caused the pressure drop across the wick to significantly increase, because of the higher 
resistance presented by the wick to the flow of water. This result suggests that a higher 
permeability of the wick will lead to a low resistance to the flow of water, so minimize the 
power consumption of the mechanical pump; however, it will reduce the capillary pressure 
developed by the wick. Therefore, including the effect of the wick capillary pressure will help 
determine an optimum value for the wick permeability that will generate enough capillary 

























































    
Permeability 1x10-12 m2 Permeability 1x10-13 m2 Permeability 1x10-14 m2 
Figure 4.5. Liquid-vapor fronts as a function of Permeability. 
 


























































   
                  𝜀 = 0.3                               𝜀 = 0.4                                 𝜀 = 0.5 
  
                  𝜀 = 0.6                                𝜀 = 0.7                               𝜀 = 0.8 
Figure 4.7. Liquid-vapor fronts as a function of Porosity. 
 
Figure 4.8. Temperature and Pressure difference in wick as function of porosity. 
The effect of wick porosity on the P2φL performance is shown in Fig. 4.9 and Fig. 4.10. 
In this case, the wick porosity,𝜀, was changed from 0.4 to 0.8. The increase of porosity 
reduces the relative resistance through the wick to the flow of vapor. So, amount of vapor 
inside the wick increased when porosity is increased (Fig 4.9). Due to low thermal 
conductivity of vapor, thermal resistance of the wick increases. Temperature of the heated 














































liquid-vapor pressure equilibrium in the liquid-vapor interface. Increased amount of vapor 
increases pressure in the vapor side of liquid-vapor interface, and we observed increased 
pressure drop across the wick except for porosity in the range of 0.5 to 0.6 (Fig 4.10). At the 
outlet we observed a mixture of liquid and vapor phase for porosity ranging from 0.3 to 0.5, 
and this 2-phase mixture contribute to step up the pressure drop. At porosity 0.6 outlet is 
almost filled with vapor which reduces the pressure drop. At porosity higher than 0.6 the 
amount of vapor increased more, and pressure at the vapor side of the liquid-vapor interface 
increased. This increased the pressure drop across the wick with further increase of porosity 
for porosity higher than 0.6. Thus in our case, optimum value of porosity ranges from 0.5 to 
0.6. Optimum value of porosity can be different for different wick configuration. 
The results suggest that, use of high permeability wick in the vapor zone may assist 
removal of vapor through vapor grooves. High permeability wicks usually possess low 
capillary pressure, which is undesirable. So, development of a layered wick may be the 
potential solution to fabricate a wick having optimum operating characteristics. The layer 
adjacent to the fin/heated surface should have high permeability and high thermal 
conductivity, while the other layer/layers should possess low permeability and low thermal 
conductivity. 
4.5 Heat flux 
Figure 4.11 shows evolution of liquid-vapor front as a function of heat load Q. The size of 
vapor zone increased when Q has increased. Fig 4.12 shows that the temperature of the heated 
surface increased quasi-linearly with heat flux Q. The operating temperature (temperature of 
the heated surface) of P2φL may be U-shaped, flattened, or may increase linearly with heat 
flux. In a typical P2φL, inlet mass flow rate increases with heat flux Q, the system operates in 
Variable Conductance mode (VCM), and the operating temperature curve with heat flux 
forms U shape. 
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Figure 4.9. Liquid-vapor fronts as a function of Heat Flux. 
In our simulation, boundary condition is imposed by fixed water mass flow rate at inlet. So, it 
is similar to a P2φL system operating in Fixed Conductance Mode (FCM) where the 
condenser remains fully utilized, or in other words, the condenser is almost filled with two-
phase zone, and the liquid enters liquid line at a temperature close to saturation. Like any 
other P2φL system operating in FCM, we obtained that in our system heated surface 
temperature increased linearly with heat flux Q. In the plot of pressure difference as a 
function of heat flux, we first observed increase of pressure difference with increase in heat 












             Q=4W/cm2                                    Q=6W/cm2                                    Q=8W/cm2                             
  
             Q=10W/cm2                                   Q=12W/cm2                             Q=14W/cm2                 
  
              Q=16W/cm2                                 Q=18W/cm2                            Q=20W/cm2 
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shown in Fig. 4.11, for heat flux less than 12 W/cm2, at the outlet the flow is a 2-phase 
mixture which contributes to a higher pressure drop, and we observed pressure drop across 
the wick is increasing with heat flux. At 𝑄=12 W/cm2 the outlet is almost filled with vapor 
that reduces the pressure drop across the wick. When the heat flux is further increased, the 
amount of vapor inside the wick increased further (Table 4.3) pushing the vapor front further 
inside the wick, altered pressure at the vapor side of the liquid-vapor interface. As a 
consequence pressure drop increased with heat load when heat flux is larger than 12W/cm2.  
 
Figure 4.10. Temperature and Pressure difference in wick as functions of Heat flux. 
 
Table 4.3. Relation between vapor content and Pressure Difference. 










































































4.6 Thermal conductivity  
Fig 4.13 shows the effect of wick material thermal conductivity on the temperature 
distribution. Here, Titanium (𝜆 = 1.2 W/m-k), Steel (𝜆 = 16 W/m-k), Aluminum (𝜆 = 203 
W/m-k), and copper (𝜆 =387.6 W/m-k) was used as wick materials. Vapor front position is 
nearly independent of wick thermal conductivity. This is logical, because the boundary 
conditions that were imposed on the simulations, the heat flux, were identical. Temperature 
distribution is significantly different as shown in Fig. 4.13. Fin superheat (Region A) was 
higher for low conductivity wick as shown in Fig. 4.13 and Fig. 4.14. We got highest 
evaporative cooling for Copper wick. In Copper wick, amount of vapor inside wick and 
pressure drop (Fig 4.14) across the wick, both are higher in value. The wick material itself 
takes heat from the heated wall, and Copper wick takes more heat compared to other 
materials due to its high thermal conductivity. Wick material thermal conductivity also alters 
the pressure drop across the wick as shown in Fig 4.14. The results show that the use of high 
conductivity wick material limits the temperature of the heated surface. On the other hand, 
using a high conductivity wick material may favor boiling of liquid at the fin-wick interface 
for small heat loads. High conductivity wick material would surge effective thermal 
conductivity of the wick, which would surge heat leak to the liquid reservoir and 
consequently, it will increase P2φL operating temperature. So, it is recommended to use low 
thermal conductivity wick material. However, several authors [52, 54] reports that adding a 
mechanical pump in a LHP takes away heat leak from the evaporator to the compensation 
chamber due to liquid flow in the compensation chamber. In our model, fixed liquid flow rate 





   
(a) (b) 
   
(c) (d) 
Figure 4.11. Temperature contour for: (a) Titanium wick; (b) Steel wick; (c) Aluminum 
wick; (d) Copper wick. 
 



























































4.7 Gravity  
  
g= -9.81 ms-2 g= 0 ms-2 
Figure 4.13. Temperature field for different value of gravitational acceleration. 
  
g= -9.81 ms-2 g= 0 ms-2 
Figure 4.14. Pressure field for different value of gravitational acceleration. 
 
 
Figure 4.15. Temperature and Pressure difference in wick as functions of the value of 














































The effect of value of gravitational acceleration is shown in Figs. 4.14, 4.15 and 4.16. 
Here, no elevation between the evaporator and condenser is considered. The evaporator is 
simulated only for different values of gravitational acceleration. It was observed that the 
temperature distribution and temperature of heated surface is quiet independent of 
gravitational acceleration, as shown in Fig. 4.14 and Fig. 4.17. In our simulation boundary 
condition is imposed by fixed water mass flow rate at inlet, and the system is driven by 
capillary pressure and mechanical pumping. So, it is an inertia driven system, and it is not 
surprising that temperature distribution and heated surface temperature is independent of 
gravitational acceleration. Pressure drop across the wick is lower in presence of gravity, 
because in this orientation, gravity assists the flow to leave the domain by imposing 
hydrostatic pressure. Due to the same reason, we got more vapor accumulated inside the wick 
in absence of gravity. In a wick having heterogeneous porosity, increase of pressure drop due 
to absence of gravity may be more significant. The increased pressure drop across the wick 
due to absence of gravity can be balanced in cost of using wick with more fine pores, or by 
decreasing porosity. In our system, added mechanical pump will be sufficient to counteract 
increased pressure drop across the wick due to absence of gravity or any other reason. In 1g 
condition, elevation between evaporator and condenser alters total pressure drop across the 
system due to additional hydrostatic pressure, and thus P2φL operating temperature 
(temperature of heated surface) would also change.  In microgravity condition, effect of 
elevation between evaporator and condenser would be weaker, because zero or low 
gravitational acceleration will produce small hydrostatic pressure due to elevation between 





In this thesis, ANSYS Fluent CFD model was used to simulate heat transfer, phase 
change and flow patterns in a porous wick of a mechanically-pumped Loop Heat Pipe. 
Results from the parametric study illustrated the effect of each parameters on the overall 
performance of the wick. To design precision thermal management systems such as LHPs for 
use in NASA future space missions, the porous wick must be optimized. Increase of liquid 
flow rate at inlet increases boiling limits and decreases operating temperature, but the 
pressure drop across the wick also increases significantly. There is an optimum value for 
porosity that can be determined by CFD model of that wick structure. High permeability 
favors to keep the pressure drop in minimal range. High thermal conductivity wick is not 
suitable for applications with moderate to high heat flux, although added pump minimizes the 
heat leak from the vapor fin to the compensation chamber. At low heat flux applications of 
LHPs, use of high thermal conductivity wicks can be beneficial due to its ability to achieve 
higher fin superheat. As heat flux is increased the vapor front retreats inside the wick. Vapor 
grooves are engulfed with liquid for low heat flux. Multi-layers wicks can be a good 
improvement for high precision applications such as advanced thermal systems for NASA 
future space systems. However, these systems need further modeling and experimental 
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